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UllageAbstract In this work, a simulated aircraft fuel tank inerting system has been successfully estab-
lished based on a model tank. Experiments were conducted to investigate the inﬂuences of different
operating parameters on the inerting effectiveness of the system, including ﬂow rate of the inert gas
(nitrogen-enriched air), inert gas concentration, fuel load of the tank and different inerting
approaches. The experimental results show that under the same operating conditions, the time span
of a complete inerting process decreased as the ﬂow rate of inert gas was increased; the time span
using the inert gas with 5% oxygen concentration was much longer than that using pure nitrogen;
when the fuel tank was inerted using the ullage washing approach, the time span increased as the
fuel load was decreased; the ullage washing approach showed the best inerting performance when
the time span of a complete inerting process was the evaluation criterion, but when the decrease of
dissolved oxygen concentration in the fuel was also considered to characterize the inerting effective-
ness, the approach of ullage washing and fuel scrubbing at the same time was the most effective.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fire and explosion of fuel tanks is one of the major reasons
that cause aircraft accidents. The fuel/air mixture in the fuel
tank vapor space (ullage) is susceptible to ignition during ﬂight
resulting from equipment malfunctions or external attacks.1,2In 1996, the air disaster of TWA Flight 800 over Long
Island Sound, killing all 230 people, was essentially caused
by the explosion of the ﬂammable fuel vapors in the ullage
identiﬁed by the National Transportation Safety Board,
which ﬁnally led to the in-ﬂight breakup of the Boeing
747-100.3 Since then, the National Aeronautics and Space
Administration (NASA) has made effects on workable
solutions for neutralizing fuel tank potential for ﬁre and
explosion and the Federal Aviation Administration (FAA)
has been seeking to improve fuel tank safety in the commercial
transport airplane ﬂeet, particularly center-wing fuel tanks,
which were implicated by the FAA in four fatal explosions
over a period of approximately 10 years.4 A number of other
initially unexplainable explosions were later determined to be
fuel tank explosions.3 Cherry and Warren summarized 13
Table 1 Accidents involving fuel tank explosions.5
Identiﬁcation No. Date Aircraft Fuel tank explosion
1 14 Sep 1993 A320 Centre
2 21 Dec 1992 DC10 Centre and wing
3 14 Feb 1990 A320 Wing
4 15 Nov 1987 DC9 Centre
5 29 Mar 1979 F27 Wing
6 4 Apr 1977 DC9 Centre/wing
7 20 Nov 1974 B747 Centre and wing
8 7 Jun 1971 CV580 Centre/wing
9 28 Dec 1970 B727 Centre/wing
10 27 Nov 1970 DC8 Wing
11 8 Apr 1968 B707 Wing
12 20 Nov 1967 CV880
13 5 Mar 1967 DC8 Centre and wing
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which are listed in Table 1.5
It follows that the ability of the fuel system against ﬁre and
explosion is directly related to the survivability as well as vul-
nerability of an aircraft and also affects its utilization, cost and
personnel safety.6 Protection systems are thus extremely
needed for aircraft fuel tanks to eliminate or signiﬁcantly
reduce their exposure to ﬂammable vapors.7
Fuel tank inerting technologies refer to the protection con-
cept that keeps the oxygen concentration of the ullage space
below the level that can cause the tank to burn and ensures
its safety during the entire ﬂight.8 It is suggested that when
the ullage of a fuel tank has the oxygen concentration less than
9%, ﬁre and explosion would not happen even the airplane
was attacked by 23 mm caliber bombs.9 Therefore, for the
design of modern aircraft, the regulation of the ullage oxygen
concentration is that, the value is below 9% for military air-
craft and is below 12% for commercial ones.10
There have been several fuel tank inerting technologies
developed in recent years, such as explosion suppressant foam,
Halon extinguishment system, liquid nitrogen system, on-board
inert gas generation system (OBIGGS), and so on.11 Explosion
suppressant foam is a fuel tank void ﬁller material used to be
equipped on air force ﬁghter aircraft. Though the foam could
prevent damaging overpressures by localizing in-tank combus-
tion, it has disadvantages of weight, installation, premature
aging, static electricity accumulation, and so on.12 Halon extin-
guishment systems were used on some air force and navy air-
craft of the United States, which are too costly for full-time
ﬁre protection and can cause damages to the ozone layer.
Liquid nitrogen systems were used on the C-5 airplane ﬂeet,
but they have to be frequently resupplied with liquid nitrogen
which also presents fundamental logistics problems.
As a consequence, the OBIGGS appears as an alternative
to the above systems. For the aircraft equipped with
OBIGGSs, fuel tanks are inerted with nitrogen-enriched air
(NEA) generated during ﬂight. The inert gas (NEA) is pro-
duced from the engine bleed air through an air separation
module (ASM) usually made of hollow ﬁber membranes.
When supplied with pressurized air, the module will ventilate
a waste stream of gas from a permeate vent that is rich in oxy-
gen, carbon dioxide, and water vapor, which allows the pro-
duct gas passing through the ASM to be rich in nitrogen.13
Since the inert gas is produced during aircraft operation, thereare no logistics problems of resupplying. In the 1980s, an ASM
OBIGGS study performed by the United States Department of
Defense (DoD) highlighted the favorable life-cycle costs of an
on-demand inert gas-generation system as opposed to a stored
inerting-agent system and explosion suppressant foam.14
Today, fuel tank inerting systems with OBIGGSs are widely
used in aircraft to protect the fuel tanks from ﬁring and
exploding.
Research has been reported concerning aircraft fuel tank
inerting systems using NEA as inert gas. In Burns and
Cavage’s investigation, the effectiveness of ground-based inert-
ing (GBI) of the Boeing 737 center wing fuel tank was evalu-
ated by aircraft ﬂight and ground tests. The fuel tank was
inerted with NEA to approximately 8% ullage oxygen concen-
tration by volume under different ground and ﬂight conditions
and the ability of GBI to reduce fuel tank ﬂammability was
demonstrated.15
Speciﬁcally, there are two major methods to inert fuel tanks
using NEA. Ullage washing is the process that displaces the air
in the fuel tank empty place through appropriate arrangements
of the NEA inlets and outlets and makes the ullage oxygen con-
centration lower than the regulated value. And the main pur-
pose of fuel scrubbing is to effectively displace the dissolved
oxygen in the fuel with NEA, usually at the take-off stages.
The numerical analysis on the two different methods has shown
that ullage washing is capable of ventilating the ullage more
quickly, but the effectiveness of lowering the dissolved oxygen
concentration in the fuel is not as good as fuel scrubbing.16
The speciﬁc fuel tank inerting approach adopted can be one of
or combination of the two methods in different ways, which
depends on the practical operating conditions. In the research
concerning fuel tank inerting systems using NEA, most are
numerical analysis17,18 and the current reported experimental
studies are mostly focused on the ullage washing approach
and more related experimental investigations are essential.15,19
In the inerting systems with OBIGGSs, the inert gas is sepa-
rated from the engine bleed air by ASMs. However, the ﬂow
rate of the engine bleed air should not be too high, as it has
considerable inﬂuences on the performances of aeroengines.
Therefore the total amount of the NEA produced is accord-
ingly limited. Furthermore, in the study of He et al., it is indi-
cated that the ﬂow rate of the NEA produced by the ASM is
also affected by its nitrogen concentration.20 When producing
more pure (lower oxygen concentration) NEA, the mass ﬂows
are lower. For the purpose of practical applications, it is neces-
sary to inspect the effectiveness of an aircraft fuel tank inerting
system using NEA of different ﬂow rates and nitrogen concen-
trations and determine the parameters to optimize the system’s
ability to inert a fuel tank.
Besides, earlier research has concluded that an aircraft
fuel tank would face more severe safety problems at later
durations of a ﬂight envelope.21 With the fuel being consumed
gradually by the thrust system during the ﬂight, the volume of
the ullage becomes larger and it is more difﬁcult to keep the
ullage oxygen concentration at a low level. The inerting
processes of a fuel tank with different fuel loads also need to
be studied.
As mentioned above, for an aircraft fuel tank inerting sys-
tem using NEA as inert gas, the inerting effectiveness is
strongly inﬂuenced by the operational parameters. These
parameters and their effects should be studied systematically,
but so far the corresponding research work reported is not
396 Y. Cai et al.sufﬁcient. In this work, a simulated aircraft fuel tank inerting
system has been established and experiments were performed
to inert the fuel tank using NEA with four inerting approaches
at different ﬂow rates and nitrogen concentrations of inert gas
as well as various fuel loads of the tank. This study attempts to
ﬁgure out the inﬂuences of these parameters on the effective-
ness of the aircraft fuel tank inerting system.2. Experimental setup
A simulated aircraft fuel tank inerting system has been estab-
lished in this study and the schematic diagram of the
corresponding experimental equipment is shown in Fig. 1.
The fuel tank of the system has the dimension of 1.1 m
(Length) · 0.775 m (Width) · 1.175 m (Height) and its volume
is 1.002 m3. Fig. 2(a) displays the front view photograph of
the fuel tank.
Firstly, the fuel tank was loaded with jet fuel of three differ-
ent volumes (0.5, 0.7, 0.9 m3), respectively. The fuel loaded in
the experiment was Jet Fuel No. 3. The density of the fuel is
786.6 kg/m3 at the ambient temperature of 25 C and ambient
pressure of 101 kPa. Then inerting experiments were carried
out with the following four inerting approaches:Fig. 1 Schematic diagram
Fig. 2 Fuel tank component(1) Ullage washing.
(2) Fuel scrubbing.
(3) Ullage washing and fuel scrubbing at the same time.
(4) Scrubbing the fuel after the ullage oxygen concentration
has been washed down to 9%.
In this study, completion of an inerting process is deter-
mined when the ullage oxygen concentration of the fuel tank
is decreased to 9%. The time span of the inerting process
was primarily used to characterize the working efﬁciency of
the inerting system. However, the fuel is dissolved with air,
particularly oxygen. When the aircraft takes off causing pres-
sure drop in the tank, or the fuel in the tank encounters stir
or shake by external force, the dissolved oxygen will escape
solution and enter the ullage space of the fuel tank, resulting
in the increase of the ullage oxygen concentration. As a conse-
quence, the airplane fuel tank still faces safety risks even
though the ullage oxygen concentration has already been
washed down to 9%. Therefore, the dissolved oxygen concen-
tration in the fuel during the inerting processes is also an
important parameter that should be considered to evaluate
the inert effectiveness.
Two kinds of inert gas are used to inert the fuel tank in this
work: pure nitrogen, of which the nitrogen concentration isof experimental setup.
of the experimental setup.
Table 2 Accuracy of instruments utilized in experiment.
Instrument Manufacturer Model Error (%)
Gas mass ﬂow meter Sevenstar D07 ±1
Gas pressure regulator SMC IR2010-02 ±2.5
Ullage oxygen analyzer Talantek TY-3000 ±0.1
Dissolved oxygen analyzer Talantek TY-SY3000 ±0.1
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is 95 wt%, mixed by pure nitrogen and high-pressure air in
proportion. The high pressure air is supplied by an air com-
pressor. The inert gas is divided into two ﬂow streams which
are introduced into the ullage and the fuel scrubbing injector
respectively. The locations of the inert gas inlets to the tank
are shown in Fig. 2(b).
During ullage washing, the inert gas is directly introduced
into the ullage to vent the air and ﬂammable fuel vapor out
of the fuel tank and for fuel scrubbing the inert gas got into
the fuel through an injector to displace the dissolved oxygen.
The fuel scrubbing injector is located at the centre of the bot-
tom of the fuel tank. The injector has two inlets and one outlet.
The two inlets of the injector are for fuel ﬂow and inert gas
ﬂow respectively. The fuel ﬂow is circulated from the tank
through the injector then back to the tank by a diaphragm
pump. The purpose of this circulation is to inject the inert
gas into the fuel tank mixed with fuel, so that tiny bubbles
of NEA are formed instead of big ones by the shear force of
the fuel ﬂow. Tiny bubbles have larger speciﬁc surface areas,
thus higher mass transfer coefﬁcient between the NEA and dis-
solved oxygen in the fuel is obtained.
There are two measuring points of oxygen concentrations,
collecting the ullage oxygen concentration and the dissolved
oxygen concentration respectively. The measuring point of
the ullage oxygen concentration is on the top of the tank
and the one for the dissolved oxygen concentration is on the
side, which is 0.4 m high from the bottom and beneath the fuel
level when the tank is loaded. The positions of the measuring
points are also shown in Fig. 2(b). The types of analyzers to
detect the ullage oxygen concentration as well as the dissolved
oxygen concentration are Talantek TY-3000 thermomagnetic
analyzer and TY-SY3000 optical ﬂuorescence analyzer respec-
tively. The errors of the instruments utilized in the experiment
setup are listed in Table 2.
3. Results and analysis
3.1. Error analysis
The instruments utilized in the experiment equipment are cali-
brated by Beijing Institute of Metrology. The error of the gas
pressure regulator is relatively big compared with other instru-
ments. The pressure regulator is employed in two different
ways, one of which is to supply gas at certain mass ﬂow rate
through calibration oriﬁces. The mass ﬂow rate of the gas sup-
ply is measured by the gas mass ﬂow meter; therefore the error
of the gas ﬂow meter determines the error of the measurement
of the gas ﬂow rate, which is 1%, seen in Table 2. The other
utilization of the pressure regulator is to supply certain gas
pressure to motivate the diaphragm pump. The diaphragm
pump conducts fuel into and out of the tank, and pumps fuelinto the injector. The error of the pressure regulator is tolera-
ble when the regulator is applied to controlling the power of
the diaphragm pump.
The error of the oxygen analyzers is relatively small com-
pared to other sensors in the experiment equipment. The ullage
oxygen sensor is a thermomagnetic oxygen analyzer. This kind
of method measuring the magnetic property of the mixed gas is
based on the fact that the magnetic property of oxygen is dis-
tinct from other gas. The error of the thermomagnetic oxygen
analyzer is relatively small compared to other types of oxygen
analyzers, such as thermal conductivity, Zirconia cell and so
on. However, the thermomagnetic oxygen analyzer is not cap-
able to detect dissolved oxygen in liquid substance. In this
work, the dissolved oxygen is detected by an optical ﬂuores-
cence analyzer. The optical ﬂuorescence analyzer detects oxy-
gen by measuring the quenching behavior of certain
wavelength ﬂuorescence in dissolved oxygen. The optical ﬂuo-
rescence method is more accurate than other methods of dis-
solved oxygen detection, such as iodimetry, dissolved oxygen
electrode, etc.
3.2. Flow rate
During the inerting experiments, the ﬂow rate of the inert gas
acts as an important factor and affects the time span of a com-
plete inerting process directly. When the tank is loaded 50%
and inerted by pure nitrogen using the ullage washing
approach, the variations of ullage oxygen concentration with
time at different nitrogen ﬂow rates n are presented in
Fig. 3(a). It is seen from the picture that for all the ﬁve ﬂow
rate values, the ullage oxygen concentration in the tank
decreases gradually as time increases. And when the ﬂow rate
is higher, the time that needed to make the ullage oxygen con-
centration reaching 9% is obviously reduced. Fig. 3(b) exhi-
bits the relationship between the time span and nitrogen ﬂow
rate, and the corresponding experimental data are listed in
Table 3. It is observed in Fig. 3(b) that with the increase in
ﬂow rate, the time span decreases but the trend becomes
weaker gradually.
The inﬂuence of the ﬂow rate of inert gas on the inerting
process is also investigated when the inerting approach is fuel
scrubbing. Fig. 4 shows the variations of ullage oxygen con-
centration with time at the nitrogen ﬂow rates of 1.8 kg/h
and 5 kg/h when the fuel loads are 50% and 90% respectively,
which exhibit similar trends as the results of ullage washing
conditions shown above. The oxygen concentration of the
ullage is reduced to 9% faster with higher nitrogen ﬂow rate.
The corresponding time span values obtained from the testes
are also given in Table 2. From the results, when the fuel load
is 50%, the time span of a complete inerting process is 1395 s
at the 1.8 kg/h ﬂow rate, 2.57 times of the time span at 5 kg/h
ﬂow rate which is 543 s. However, when using the inerting
approach of ullage washing, the time span of the process at
the ﬂow rate of 1.8 kg/h (1331 s) is 3.14 times of that at the
ﬂow rate of 5 kg/h (424 s). It is considered that the inﬂuence
of the ﬂow rate of inert gas on the inerting effects when using
fuel scrubbing approach is smaller than that using ullage
washing.
In addition, when the fuel load is 90%, the time span
obtained at 1.8 kg/h (647 s) is 2.78 times of that at 5 kg/h
(233 s) as shown in Table 2. Compared with the multiple of
Table 3 Time spans of inerting processes at different nitrogen
ﬂow rates.








1.8 1331 1395 647
3 645
5 424 543 233
9 239
Fig. 3 Inerting effects under different conditions of nitrogen ﬂow rate.
398 Y. Cai et al.2.57 at the fuel load of 50%, it is indicated that when the fuel
scrubbing inerting approach is adopted, the effect of the nitro-
gen ﬂow rate is weaker with less fuel in the tank.
3.3. Inert gas concentration
The inerting effects of different nitrogen concentrations in the
inert gas are studied in this section by using NEA5 and pure
nitrogen to inert the fuel tank. Under the operating condition
of ullage washing, 50% fuel load and 0.9 kg/h ﬂow rate, the
variations of ullage and dissolved oxygen concentrations with
time are presented in Fig. 5. The difference of the time spans ofFig. 4 Variations of ullage oxygen concentrwashing the ullage oxygen concentration down to 9% using
the two kinds of inert gas is considerable, as listed in
Table 4. It is noted that the time span of the inerting process
using NEA5 is about 5 times of that using nitrogen. As a
result, the variation of the ullage oxygen in Fig. 5(a) is distinct
from other cases while washing the ullage. The dissolved oxy-
gen concentration drops continuously throughout the whole
time of ullage washing. During the time from 5000–6200 s,
the dissolved oxygen concentration drops more drastically
compared with the decreasing trend of the dissolved oxygen
concentration during the time from 0–5000 s and 6200–
14000 s. The decrease of dissolved oxygen concentration
becomes more obvious due to the long time span of ullage
washing. While the ullage is washed, the ullage oxygen partial
pressure decreases, therefore the dissolved oxygen escapes
from fuel more easily. The dissolved oxygen in the fuel
becomes enriched near the gas–liquid interface. At the time
of 5000 s, the enriched oxygen bursts out of the interface,
and the dissolved oxygen ullage decreases more rapidly. At
the time of 6200 s, the enriched oxygen near the interface
escapes from fuel, the dissolved oxygen concentration starts
to decrease with similar pace with the decreasing trend before
the time of 5000 s.
In the following parts, the ﬂow rate and fuel load are
increased separately to investigate the effects of the nitrogen
concentration of the inert gas.ation with time under different fuel loads.
Fig. 5 Variations of ullage and dissolved oxygen concentrations with time using different inert gas (fuel load: 50%; ﬂow rate: 0.9 kg/h).
Table 4 Time spans of inerting processes with ullage washing approach using NEA5 and pure nitrogen as inert gas.
Inert gas Time span (s)
Fuel load: 50%; ﬂow rate:
0.9 kg/h
Fuel load: 50%; ﬂow rate:
3 kg/h
Fuel load: 70%; ﬂow rate:
0.9 kg/h
Fuel load: 70%; ﬂow rate:
1.8 kg/h
NEA5 13690 2175 5222 1904
Pure nitrogen 2683 645 1752
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pure nitrogen and NEA5 are increased to 3 kg/h, the results
are shown in Fig. 6. It is seen in Table 3 that the time spans
of the complete inerting processes using NEA5 and nitrogen
are 2175 s and 645 s respectively. Therefore, it is suggested that
the inﬂuence of nitrogen concentration of the inert gas on the
inerting effects reduces when the ﬂow rates are increased.
When the ﬂow rates of the pure nitrogen and NEA5 are still
0.9 kg/h and the fuel load is increased to 70%, the results are
presented in Fig. 7 and Table 3. The time span of the complete
inerting process using NEA5 is 5222 s, which is about 3 times
of that using nitrogen as inert gas (1752 s). However, as shown
above, under the condition of 50% fuel load, the multiple is
about 5. This indicates that the inﬂuence of the inert gasFig. 6 Variations of ullage and dissolved oxygen concentrations withconcentration is more obvious when the volume of the fuel
tank ullage is increased.
It is seen in Fig. 7(b) and Table 3 that under the operating
condition of ullage washing, 70% fuel load and 0.9 kg/h ﬂow
rate, the time consumed to wash the ullage oxygen concentra-
tion to 9% using pure nitrogen is 1752 s. Experiments are con-
ducted to gain similar result using NEA5 by adjusting its ﬂow
rate. After a series of experiments, it is found out that when the
ﬂow rate of NEA5 is 1.8 kg/h, the time span of the inerting
process (1904 s) is close to that using nitrogen at 0.9 kg/h, as
shown in Fig. 7(c) and Table 3. The results reveal that under
this operating condition, the consumption of NEA5 should
be doubled to that of pure nitrogen to obtain similar inerting
effectiveness.time using different inert gas (fuel load: 50%; ﬂow rate: 3 kg/h).
Fig. 9 Variations of ullage and dissolved oxygen concentrations with time under different fuel loads.
Fig. 7 Variations of ullage and dissolved oxygen concentrations with time using different inert gas (fuel load: 70%).
Fig. 8 Inerting effects under different conditions of fuel load.
Table 5 Experimental data of inerting processes at nitrogen ﬂow rate of 0.9 kg/h with different fuel loads.
Fuel load (%) Time span (s)
(ullage washing)













Time span of UOC
reaching maximum
value (s)
50 2683 2344 7.96 1325 9.19 1093
70 1752 2254 8.66 2047 10.02 740
90 710 3898 6.11 1584 10.93 477
Notes: DOC means dissolved oxygen concentration; UOC means ullage oxygen concentration.
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Fig. 10 Variations of ullage and dissolved oxygen concentrations with time using different inerting approaches.
Table 6 Experimental data of inerting processes with pure nitrogen at 50% fuel load using different inerting approaches.
Inerting approach Flow rate (kg/h) Time span of
UOC reaching 9% (s)
DOC at the time
UOC reaching 9% (%)
Ullage washing 1.8 1331 26.12
Fuel scrubbing 1.8 1395 10.10
Ullage washing and fuel scrubbing 0.9 + 0.9 1387 0.04
Experimental study of an aircraft fuel tank inerting system 4013.4. Fuel load
The inerting effectiveness is investigated by experiments in this
work with different fuel loads of the tank. Fig. 8(a) presents
the variation trends of ullage oxygen concentration as time
increases under the operating condition of ullage washing
and 0.9 kg/h nitrogen ﬂow rate, when the fuel loads L are
50%, 70% and 90% respectively. The relationship between
the time span and fuel load is shown in Fig. 8(b) and
Table 5 gives the tested values. When there is less fuel in the
tank, more time is needed to wash the ullage oxygen concen-
tration down to 9%.
When the inerting approach scrubs the fuel after the ullage
oxygen concentration is washed down to 9% and the nitrogen
ﬂow rate is 0.9 kg/h, the variations of ullage and dissolved oxy-
gen concentrations with time are shown in Fig. 9 and the
corresponding experimental data are given in Table 4. It is
concluded from the results that using the approach of fuel
scrubbing after ullage washing under this operating condition,
the shortest time consumed for the dissolved oxygen concen-
tration scrubs down to 6% which is 2254 s, corresponding to
the 70% fuel load condition, but the ullage oxygen concentra-
tion is the highest at the same time (8.66%) and the time span
of the ullage oxygen concentration washed down to 9%
(2047 s) is the longest.
3.5. Inerting approach
In this section, the effects of three inerting approaches are
demonstrated, which are ullage washing, fuel scrubbing and
ullage washing and fuel scrubbing at the same time, respec-
tively. For the third approach, the ﬂow rates of the inert gas
of ullage washing (0.9 kg/h) and fuel scrubbing (0.9 kg/h) are
half of those of the ﬁrst two approaches (1.8 kg/h) to keep
the total ﬂow rates the same.
Variations of ullage and dissolved oxygen concentrations
with time under the condition of 50% fuel load using pure
nitrogen as inert gas are displayed in Fig. 10 and Table 6presents the related experimental data. The time that needed
to wash the ullage oxygen concentration down to 9% in
Fig. 10(a) is slightly less than those in Fig. 10(b) and
Fig. 10(c). However, considering the dissolved oxygen concen-
tration in the fuel at the time that the ullage oxygen concentra-
tion reached 9%, the value in Fig. 10(a) is much higher than
that in Fig. 10(c). One of the reason that the decreasing trend
of the dissolved oxygen concentration in the fuel using the
approach of fuel scrubbing is slower than using the approach
of ullage washing and fuel scrubbing at the same time may
be that under the circumstances that the total amount of
NEA used is the same, although the amount of NEA used to
scrub the fuel is larger using the approach of fuel scrubbing,
the injector is not capable to shred such large amount of gas
to form tiny bubbles. As the NEA ﬂow rate increases, the
momentum of the gas prompts the NEA stream directly to
the upper surface of the fuel, weakening the mass transfer pro-
cess between the NEA and the fuel. The other reason of this
phenomenon could be that while scrubbing the fuel and wash-
ing the ullage at the same time, the oxygen in the ullage is
pushed out of the fuel tank ullage more efﬁciently, the reduc-
ing of oxygen partial pressure in the ullage allows the dissolved
oxygen to escape from the fuel more easily, enhancing the
decrease of the dissolved oxygen concentration. Therefore it
is concluded from this fact that under certain operating condi-
tions where only time span of an inerting process is considered
to evaluate the inerting effectiveness such as during the period
of aircraft cruising, the approach of ullage washing is the most
effective. However, if a drastic pressure drop takes place in the
fuel tank, for example, when the aircraft is ascending rapidly,
using the approach of fuel scrubbing and ullage washing at the
same time should be necessary because of the evolution of dis-
solved oxygen from the fuel.
4. Conclusions
In this research, experiments have been performed to inspect
the inﬂuences of different operating parameters on inerting
402 Y. Cai et al.effectiveness of the established aircraft fuel tank inerting sys-
tem. The following conclusions can be drawn.
(1) The ﬂow rate of inert gas affects the time span of a com-
plete inerting process signiﬁcantly. The time span
decreases but the trend becomes weaker as the ﬂow rate
increases. The inﬂuence of the ﬂow rate of inert gas on
the inerting effectiveness when using fuel scrubbing
approach is smaller than that when using ullage
washing.
(2) Under the same operating condition, the time span of a
complete inerting process using NEA5 is much longer
than that using pure nitrogen, and the difference
between them reduces as the ﬂow rate increases. The
effect of the inert gas concentration is more obvious
when the fuel load is decreased. When the ﬂow rate of
nitrogen is 0.9 kg/h, the consumption of NEA5
(1.8 kg/h) should be doubled to that of nitrogen to
obtain similar inerting effectiveness in this study.
(3) Under the operating condition of ullage washing, the
time span to wash the ullage oxygen concentration down
to 9% increases as the fuel load decreases. When the
inerting approach is scrubbing the fuel after the ullage
oxygen concentration is washed to 9%, the shortest time
needed for the dissolved oxygen concentration scrubbing
down to 6% corresponds to the condition of 70% fuel
load.
(4) When the total ﬂow rates of inert gas are the same, the
approach of ullage washing shows the best inerting per-
formance when the time span of a complete inerting pro-
cess is the evaluation criterion, but the approach of
ullage washing and fuel scrubbing at the same time is
the most effective when the decrease of dissolved oxygen
concentration in the fuel is also considered to character-
ize the inerting effectiveness.
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